Abstract. Differential cross sections and Stokes parameters are reported for electronmagnesium scattering computed in the coupled-channels approximation. A configuration interaction representation is used for the five lowest singlet states which are included in the close-coupling expansion. The calculated differential cross sections for elastic scattering and the resonance (3s2)*Se-(3s3p)'PO transition are in fair accord with experimental data, as are total cross sections for the resonance transition. There are only minor discrepancies in the comparison of the computed Stokes parameters with experiment.
Introduction
The calculation of electron-atom scattering at energies well above the lower excitation thresholds has a long way to go before results can be obtained within experimental error for absolute cross sections. A striking example is sodium (Mitroy et a1 1987) , where calculated differential cross sections at larger angles can differ from experiment by an order of magnitude. The elastic and the first dipole excitation channels provide a good preliminary test. The dipole excitation yields a diversity of data in the form of m-dependent ratios, which can be expressed as Stokes parameters.
A good idea of the order of magnitude of the difficulties to be encountered in the case of a particular target can be obtained by a coupled-channels calculation. The interaction is dominated by long-range dipole couplings, so it is necessary to include at least the lowest channels that have dipole coupling with the elastic and resonant channels. In the case of magnesium the simplest calculation with these features couples the following channels (3s2)'S', (3s3p)'P0, (3s4s)'Se, (3s3d)lDe, (3s4p)'P". This calculation is reported here for incident energies of 10, 20, 40 and 100 eV.
There have been a number of experimental and theoretical investigations of the electron-magnesium reaction. Robb (1974) used the first Born approximation (with configuration interaction wavefunctions) to compute the generalised oscillator strength ( C O S ) and total cross section for the (3s2)'Se-(3s3p)'P" resonant transition. These results were used to put the optical emission excitation functions of Leep and Gallagher (1976) on an absolute scale. Differential cross sections for elastic scattering and inelastic scattering to the resonant first excited state (and a number of other states) have been measured by Williams and Trajmar (1978) at incident energies of 10, 20 and 40 eV. These cross sections were normalised to an absolute scale by the G O S technique and have a relatively low absolute accuracy. Apart from the first Born calculation of Robb (1974) , there has also been a two-state close-coupling calculation by Fabrikant (1980) ,
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an optical potential calculation by Khare et a1 (1983) , and a first-order many-body theory ( FOMBT) calculation by Meneses et a1 (1987) .
More recently, Brunger et a1 (1988a) have reported differential cross sections for the resonant excitation with greatly improved error tolerances. Brunger er a1 (1988b) have also reported Stokes parameters for the resonant transition for small-angle scattering at low energies. While the calculations mentioned above provide an adequate description of the experimental data of Williams and Trajmar (1978) , the new experiments of Brunger etal, with their much more stringent error bounds, show the inadequacies of these earlier calculations.
In the present work we report the results of close-coupling calculations of electronmagnesium scattering at a number of energies above the ionisation threshold. While it might be expected that electron-magnesium scattering would have a number of similarities with electron-helium scattering, this only superficially true. The large oscillator strength (-1.8) and small energy difference between the (3s2)'Se and (3s3p)'P" states will cause the coupling between these two levels to be very strong. In this respect the reaction dynamics of the electron-magnesium system is similar to that of the electron-sodium system which is dominated by the coupling of the 3s and 3p levels. In one important respect magnesium is different from sodium. The sodium atom, consisting of a loosely-bound valence electron outside a tightly-bound neon-like core, can be adequately represented by single-configuration Hartree-Fock ( HF) wavefunctions. Such a description is not appropriate for the magnesium target states, which should be represented by configuration interaction ( C I ) wavefunctions (Weiss 1967) in which correlations between the two valence electrons are included. In the calculations reported in this work we have neglected triplet target states, the higher singlet states and the ionisation channels.
Comparison of electron-sodium and electron-magnesium scattering is of more than incidental value. In a previous detailed analysis of electron-sodium scattering (Mitroy et a1 1987) large differences between all of the calculations and the experimental data on large-angle elastic scattering for neon and sodium were an indication that it was the experiment, and not the theory, that was deficient in some respect. Accordingly, it would be interesting to compare backward angle elastic cross sections at high energies.
Details of the calculation
It is well known that the Hartree-Fock (HF) model does not provide a good description of the ground and excited states of neutral magnesium (Weiss 1967 , Robb 1974 , Froese-Fischer 1975 . A particular example where correlation effects are important is in the oscillator strength (length form) for the resonant (3~')'s'-(3s3p)'P" transition. A single-configuration H F model (Weiss 1967) gives a value of about 2.4 for the oscillator strength. More sophisticated CI calculations yield values around 1.8. Since an adequate description of the atomic structure is a necessary input for an accurate scattering calculation we have chosen to represent the magnesium ground and excited states by CI wavefunctions.
A frozen-core formalism was adopted for the present calculations. The Is, 2s and 2p orbitals were fixed by a H F calculation (using an analytic Slater-type orbital basis set) of the magnesium (3s')'S" ground state. The 3s, 3p, 3d, 4s and 4p orbitals were defined by H F calculations of the (3snl)'L states. The 3p, 3d and s correlating orbitals were obtained by performing a natural orbital transformation (Froese-Fischer 1977) _ _ on a large basis CI wavefunction for the (3s2)'Se state. All these orbitals were Schmidt orthogonalised to each other (in the order they were mentioned) and the core. A further C I calculation was used to construct the magnesium ground and excited states. Only the five lowest singlet states ((3s2)'Se, (3s3p)'Po, (3s4s)'Se, (3s3d)'De and (3s4p) ' P O ) were included in the coupled-channels calculation. While the omission of the triplet states can undoubtedly be criticised, it is justified in the sense that the error involved is probably no larger than that arising from the use of a limited CI expansion for the target states. Moreover, we are primarily interested in elastic scattering, or in the resonant excitation to the (3s3p)'P" state. Since the coupling between the (3~')'s' and (3s3p)'P" states is quite strong, the omission of triplet states is not expected to have a large effect.
It can be seen from table 1 that the present CI calculations give binding energies relative to the Mg+ 3s limit which are greatly improved over H F values. There are still differences between the present binding energies and the large-basis multiconfiguration Hartree-Fock ( MCHF) values of Froese-Fischer (1975) . This indicates that further configurations need to be included if convergence of the two-electron C I wavefunction is to be achieved. However enlarging the single-particle basis would make lhe electron scattering calculation prohibitively time consuming. Froese-Fischer (1975) .
Another, and perhaps more stringent, test of the quality of the wavefunction can be made by computing optical oscillator strengths for the dipole-allowed transitions. This test is directly relevant to the scattering calculation, since the oscillator strengths provide a measure of the strength of the coupling between the channels. A tabulation of the present oscillator-strength values (computed with experimental energies) is given in table 2, and compared with the accurate MCHF values of Froese-Fischer (1975) and a number of experimental values. The differences between oscillator strengths computed using the length and velocity forms of the matrix element are smaller for the MCHF calculation than for our calculation. This is to be expected, since the MCHF wavefunction includes more configurations than the present CI wavefunctions. While the comparison between length and velocity oscillator strengths provides a means of testing the convergence of the wavefunctions, it is the length values that are relevant for the scattering calculations. The length value for the resonant transition differs from the M C H F J; value by 2%.
The electron scattering calculations were done using the approach of McCarthy and Stelbovics (1983) as adapted for the use of large-dimension C I wavefunctions by Smith and Gallagher (1966) . 'Smith and Liszt (1971) .
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Mitroy etal (1987) and Bray etal (1988) . Magnesium is represented by two valence electrons and a closed-shell core which cannot be excited but contributes direct and exchange potentials. The energy differences used in this calculation were derived from experimental energy level data. The cc equations in momentum space are a set of coupled Lippmann-Schwinger equations which are solved by discretising the continuum integral using a Gaussian quadrature rule. For the calculations reported here, the full integral equations were solved for total orbital angular momentum quantum numbers J ranging from 1 to 24. The exchange interaction was included in the kernel for J=O-16 . The unitarised Born approximation was used from J = 2 5 to 80 where the first Born approximation is valid. Beyond this point the first Born approximation was used to close the partial wave sum.
Differential and total cross sections
The differential and total cross sections for elastic scattering, calculated by the present theory, are given in table 3 for incident energies of 10, 20, 40 and 100eV. They are compared with the experimental data of Williams and Trajmar (1978) in figure 1. The calculation compares fairly well with the experiments for small-angle elastic scattering at 10, 20 and 40 eV but for 8 > 40" the discrepancies are much larger. The present cross sections are substantially smaller than experiment at 10 and 20 eV, but exceed experiment at 40 eV. However, despite the differences in the absolute magnitude, the respective shapes of the experimental and theoretical cross sections are quite similar.
In figure 2 we compare elastic scattering differential cross sections of neon (static exchange), sodium (four-state cc) and magnesium (five-state cc) at 100 eV. The cross sections for sodium and magnesium are much larger at smaller angles because the Figure 2 . lOOeV elastic electron scattering from neon, sodium and magnesium. The short-dashed broken curve is the neon (static-exchange) cross section, the long-dashed broken curve is the sodium (four-state cc) cross section and the full curve is the present magnesium (five-state cc) cross section. strong polarisation potential for both these atoms dominates scattering at large distances. The backward angle cross sections are similar for all these atoms, with small differences varying smoothly from neon to magnesium. This diagram demonstrates that both elastic and inelastic interactions of the scattering electron with the valence electrons have only a small influence on large-angle elastic scattering at high energies.
The differential cross sections for the resonant transition are given in table 4 and compared with the experimental data in figure 3 . Agreement between theory and experiment is good at 10 and 20 eV. However, at 40 eV the cross section overestimates the magnitude of the experiment by a factor of three for 0>40" although it does correctly predict the positions of both the minima. This is reminiscent of the situation for sodium where theory greatly exceeds experiment at the highest energies. Figure 4 compares the differential cross sections for the resonant excitation of magnesium (five-state cc) and sodium (four-state cc) at 100 eV. The general shapes of the angular distributions are qualitatively similar even at backward angles, indicating that the two transitions must share the same basic reaction mechanism.
The total cross section for excitation of the resonant state of magnesium is shown in table 5 for several different calculations and compared with the emission crosss section of Leep and Gallagher (1976) . The present calculation is represented by cc5 for the full coupled-channels value, UBAS for the five-state unitarised Born approximation and FBA for the first Born approximation. The FBA calculation of Robb (1974) used different CI wavefunctions. The two-state close-coupling calculation of Fabrikant (1980) used dipole potential matrix elements multiplied by a constant to produce the correct optical oscillator strength and core exchange was omitted. Since the experiment of Leep and Gallagher (1976) was an emission cross section it is necessary to allow for cascades from the (3s4s)'Se, (3s3d)'D" and (3s4p)'P" levels. Since the (3s4p)'P" The total cross section (in T U ; ) for electron excitation of the resonant (3s3p)'P" state of magnesium. c C 5 is the present five-state coupled-channels calculation. UBA5 is the unitarised Born approximation to cc5 and FBA is the corresponding first Born approximation. The experimental data of Leep and Gallagher (1976) (1976) level can also decay directly to the ground state the effective emission cross section is given by we,, = u3p + u3d + u4s + 0 . 1 3 7~~~.
Total cross sections for these higher levels are given in tables 6, 7 and 8. It should be noted that the McHFf-values were used to evaluate the branching ratio for the (3s4p)'P" level.
It is clear that the present calculations agree with total cross sections better than any of the other calculations. Although the cc5 calculation appears to agree quite well with experiment, this agreement is only coincidential since the cascade contribution (10-15%) leads to an effective emission cross section exceeding experiment at low energies although the agreement is good at 100 eV. One of the more notable aspects of table 5 is the excellent agreement between the UBAS and cc5 calculations. The conceptually simple UBAS does amazingly well at reproducing the cc5 calculation. This is somewhat fortuitous since an examination of the partial cross sections reveals that the UBAS cross section underestimates the cc5 calculation for small J (e.g. J S 3) and overestimates the cc5 calculation at higher J values. A similar phenomenon has also been noted for the electron impact excitation of the resonance transition in Ca' . The size of the cascade correction to the (3s3p)'P" emission does have implications for the differential measurements of Brunger et a1 (1988a). These measurements were put on an absolute scale by integrating the differential cross section and normalising to the emission cross section of Leep and Gallagher (1976) . Since the emission cross section includes cascade contributions, estimated at 10-15% corrections according to the present calculation, it is possible that the differential measurements of Brunger et al(1988a) systematically overestimate the actual differential cross section by 10-15%. Even if the present calculations overestimate the cascade contribution, this effect is of experimental significance since Brunger et al (1988b) quote absolute errors of less than 1 6 % at small angles.
The present calculation also produces total and differential cross sections for transitions to the (3s3d)'De, (3s4s)'S' and (3s4p)'P" states. They are given in tables 6, 7 and 8. The cross sections for these states are not likely to be as accurate as those for elastic scattering and the resonant transition since the omission of the higher neighbouring levels from the cc expansion will have more of an influence. 
Stokes parameters
Stokes parameters for the resonant first excited state have been measured at 20 and 40 eV for an angular range s 2 0 " by Brunger et a1 (1988b) . They are compared to the experiment in figures 5, 6 and 7. There is good agreement between the theoretical and experimental measurements over the entire (although limited) angular range. It is fashionable to consider m-dependent ratios such as Stokes parameters to be a better test of a scattering theory than absolute cross sections. However, it is a moot point whether Stokes parameters taken over a restricted angular range provide a more stringent test of reaction theory than differential cross sections taken over a wider angular range. Nevertheless, additional measurements of the Stokes parameters for magnesium over a more extensive angular range would provide additional information in testing the adequacy of our present reaction theory.
Conclusions
We have reported results of five-state close-coupling calculations for magnesium at 10, 20, 40 and 100eV. The qualitative agreement between theory and experiment is quite satisfactory at all energies; however the absolute magnitude of the elastic cross section is quite different from experiment. Agreement is better for the resonart transition, except for large-angle scattering at 40 eV where the theory exceeds experiment by a factor of three. There is no indication of serious departures from experiment for Stokes parameters in the resonant excitation of magnesium in the restricted angular range for which data are available. The possible sources of error in the present calculation are an inadequate description of the target bound states, the omission of the target continuum and high-lying discrete states, and finally the omission of the low-lying triplet state. The first source of error has been partially eliminated at least by using CI wavefunctions. The omission of the ionisation continuum is likely to be quite important at low energies, the total ionisation cross section reaches a maximum of 8 . 8~a t at 12eV (Kartensen and Schneider 1975) . The omission of higher-lying states is more likely to have an effect on the (3s3d)'De, (3s4s)'S'and (3s4p)'Po excitations than on the resonant excitation, although excitations to these states will contribute to the emission cross section. We can only speculate on the possible effect of excitations to the ( 3~3 p )~P and other triplet levels. Cross section data of Williams and Trajmar would indicate that the omission of these levels would have only a small effect at 10 and 20 eV and a negligible effect at higher energies.
Magnesium provides another target to help in the detailed understanding of electron scattering from atoms using the coupled-channels optical model. A fair description is obtained for hydrogen cross sections and for angular correlation parameters up to 60°, using optical potentials to represent excitations out of the explicitly coupled channel space (Lower er al 1987) . For helium it is necessary to use optical potentials to obtain good total cross sections for the lowest five channels at lower energies (McCarthy et a1  1988) . For sodium it is unnecessary to use optical potentials to obtain total cross sections which agree reasonably with experiment at energies greater than 54 eV, but the differential cross sections compare very poorly with experiment for 8 > 20" (Mitroy er a1 1987) . At present it is a matter of contention whether the discrepancies between theory and experiment at higher energies and large angles are due to theoretical or experimental inadequacies. Differential cross sections for magnesium are reminiscent of those for sodium. The comparison of theory and experiment at 40 eV provides a strong indication that the theory at higher energies will overestimate the experiment considerably at larger angles. Since the program used for the present calculation was used for the prior sodium calculations, and the experimental apparatus used for the recent magnesium experiment (Brunger et al 1988a) was the same as that used for the recent sodium experiment (Teubner et a1 1986) , it is clear that independent calculations and experiments will be valuable in resolving the current discrepancies.
Total cross sections for the first excited state of magnesium in the present calculation compare only fairly well with experiment. The experience with helium at lower energies suggests that the addition of optical potentials will cause a decrease in the total cross section for resonant excitation.
